A straightforward protocol for the covalent functionalization of boron-doped diamond electrodes with either ferrocene or single-stranded deoxyribonucleic acid (ss-DNA) is reported. The functionalization method is based on a combination of diazonium salt electrografting and click chemistry. An azide-terminated organic layer is first electrografted on the diamond surface by electrochemical reduction of 4-azidophenyldiazonium chloride. The azidophenyl-modified surface then reacts rapidly and efficiently with molecules bearing a terminal alkyne moiety by means of a Cu(I)-catalyzed alkyne-azide cycloaddition. Covalent attachment of ferrocene moieties was analyzed by means of X-ray photoelectron spectroscopy (XPS) and cyclic voltammetry (CV), whereas impedance spectroscopy was applied for the characterization of the immobilized DNA.
Introduction
Chemical Vapor Deposition (CVD) diamond recently receives great interest, both in science and technology. [1] The large attention for this material can be attributed to its outstanding properties such as biocompatibility, [2] chemical inertness, hardness and excellent thermal conductivity. [3] Synthetic CVD diamond can be boron-doped during its growth and shows p-type conductivity. In case of heavy B-doping, for concentrations above ~3 x 10 20 cm -3 , metal-like conductivity is observed. [4] Borondoped diamond shows a negligible rate of water electrolysis over a wide potential range. Due to this wide potential window, CVD diamond surfaces are regarded as appealing electrodes. [5] Another particular advantage of CVD diamond surfaces is the fact that surface functionalization can be readily achieved. Various strategies have been successfully applied to derivatize diamond surfaces.
[6] The well-known photochemical surface modification using vinyl derivatives is a promising method for stable immobilization of molecular monolayers linked to the diamond substrate by C-C bonds. [7] The mechanism proposed for such photochemical modification involves a photoemissioninduced radical reaction, possibly enabled by the negative electron affinity of hydrogen-terminated diamond surfaces. [8] Even though this method is widely accepted, it requires long reaction times and an inert atmosphere. Surface functionalization through esterification on UV-ozone oxidized diamond, as demonstrated by the group of Boukherroub and Szunerits, [9, 10] allows molecules bearing carboxylic acid end groups to attach on diamond surfaces. It is, however, quite hard to achieve a homogenous hydroxyl layer on the diamond surface, as UV-ozone oxidation usually creates other oxygen functionalities as well, such as carboxylic and carbonyl moieties. [11] One-step functionalization of amine derivatives on diamond surfaces was recently demonstrated by Agnes et al. [12] This rapid new grafting protocol is based on the high affinity of hydrogenated diamond towards primary amines. However, as stated, this procedure is limited to the coupling of (bio)molecules bearing a primary amine group. Several groups have also demonstrated the coupling of arenediazonium salts onto diamond surfaces, [13] either by electrografting [14, 15] or spontaneous grafting. [16] Electrografting is more attractive since it requires a shorter reaction time. [15] In general, this potential assisted method offers several advantages: i) an instantaneous surface modification, generally requiring only a few seconds for the formation of a saturated monolayer; ii) it does not require an inert atmosphere for efficient reaction; and iii) an easy control over the functionalization degree (i.e.
surface coverage). [15] Electrografting on diamond surfaces has already been demonstrated for a variety of substituted aryl derivatives, [13] but not for azidophenyldiazonium salts.
Recently, the search for more efficient and controlled strategies for the functionalization of conductive surfaces, at the molecular level, with biological, [17] redox-active, [18] or photo/chemical sensitive molecules has become a central interest in the development of molecular electronics, [19] energy conversion systems, [20] and chemical or biological sensors. [21] It has, however, been proven difficult to successfully realize the formation of these materials due to their inherent structural and functional properties. [22] Moreover, most coupling methods are hampered by the difficulty to introduce the required reactive groups, a lack of specificity, or a low yield. [23] Ligation strategies can offer a solution by interacting with specific kinds of functional groups. Click chemistry reactions can be seen as "the most advanced examples" providing a set of powerful, highly reliable and selective reactions. [22] The copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) reaction -1,2,3-triazole formation through classical Huisgen 1,3-dipolar cycloaddition -is one of the most popular and renown click reactions. [24] This heterogenous coupling strategy was found to be fast, reproducible, with a minimum of side reactions, and highly tolerant to diverse reaction conditions. Click reactions have already been tested on various surfaces. For example, Arnold et al. recently demonstrated the clicking of 5-azidofluorescein to 4-(trimethylsilyl)ethynylstyrene polymer brushes that were grown on a silicon surface. [25] Grabosch et al. presented a 'dual click' strategy for the fabrication of bioselective glycosylated self-assembled monolayers as glycocalyx models. [26] They showed that their click reaction provides a rather mild surface immobilization with excellent coupling yields, versatility, regioselectivity, functional group tolerance, and stability of the catalytic process in different solvents and pHs.
In this work, we report on the modification of boron-doped CVD-grown diamond electrodes by electrografting an azidophenyl layer on the diamond surface through electrochemical reduction of the corresponding (in situ generated) 4-azidophenyldiazonium chloride salt, and subsequent chemoselective CuAAC coupling of terminal alkyne-bearing molecules. The surface coverage with reactive azide moieties was quantified electrochemically through complementary coupling of a simple redox-active probe, i.e. ethynylferrocene. Finally, the utility of the azidefunctionalized diamond electrode for fast and efficient covalent attachment of a ss-DNA probe was demonstrated by reaction with an alkyne-functionalized DNA probe.
The resulting device and its capability to work as a DNA-based sensor were evaluated by impedance spectroscopy. Due to the highly chemoselective nature of the alkyneazide click reaction, azide-terminated boron-doped diamond electrodes can be regarded as a generic platform, providing a reliable coverage, for coupling with a wide range of ethynyl-terminated species of interest for various (sensing) applications.
Results and discussion

Electrografting of phenylazide groups
As shown in Figure 1 , 4-azidophenyldiazonium chloride is formed in situ by diazotization when hydrochloric acid and sodium nitrite solutions are added to 4-azidoaniline. [14] Application of a potential reduces the diazonium salt to a radical species. [15] As the density and thickness of the functionalized layer depend on the potential applied, [15, 27] we analyzed the effect of the potential on the formation of the 4-azidophenyl layer. Commercially available freestanding electrochemical grade boron-doped microcrystalline CVD diamond plates from Element Six (E6) and home-grown borondoped nanocrystalline diamond (NCD) thin films were used in this work. The latter were grown on fused silica substrates, which make them not suitable for our impedance measurements later. As a result, the former is chosen for the impedance measurements and are referred to as B:MCD. The in-house deposited material is named as B:NCD in this article. Figure 2 shows the cyclic voltammograms of three boron-doped nanocrystalline diamond (B:NCD) samples that underwent electrografting. Each sample was subjected to a different potential scan (cfr. Table 1, exp. section). The cyclic voltammogram of diamond sample EG 1 (Figure 2a ) did not show any peak that can be related to the electroreduction of the diazonium salt,
indicating that the diamond sample was not functionalized. When we applied a more negative potential (up to -0.8 V, sample EG 2), a broad irreversible reduction peak appeared during the first scan, which disappeared on the second scan (as indicated by the arrow in Figure 2b ). This reduction peak can be related to the formation of radicals upon electroreduction of the diazonium salt. [14, 15] The disappearance of the reduction peak during the second scan ( Figure 2b , blue line) is due to the passivation of the diamond surface by the electrochemically grafted organic layer, blocking the access of the diazonium cations to the electrode surface.
[15] When an even more negative potential (up to -1.2 V, sample EG 3) was applied, two reduction peaks clearly appeared (Figure 2c ). Besides the broad irreversible reduction peak at -0.4 V, which indicates the presence of radicals, a smaller reduction peak appeared at around -0.9 V. Cycling to a more negative potential leads to the formation of anions by further reduction of the formed radicals.
[15] [28] It is known that the width of the current peaks depends strongly on the distribution of the individual ferrocenes. For identical and non-interacting ferrocenes, the ideal full width at half-maximum (FWHM) is 90 mV. [29] The EG 2 and EG 3 samples show an FWHM of 125 and 127 mV, respectively. From these values, we conclude that the ferrocene entities formed are not significantly aggregated and are subject to almost identical redox conditions.
Clicking ferrocene groups to phenylazide-functionalized B:NCD
4-Ethynylferrocene
[29] The anodic-cathodic peak separation gives the first evidence that the ferrocene groups are covalently bound onto the diamond surface after the click reaction. As shown in Figure 4b , the peak separation (ΔE p ) for the EG 2 sample was 37 mV at a potential sweep rate of 100 mVs -1 , much smaller than the peak separation for a diffusioncontrolled one-electron reversible redox system ( Figure 4a , 57 mV). [30] Similar results were obtained as compared to a ferrocene-modified diamond electrode prepared via a photochemical method. [31] The electron transfer mechanism for surface-bound redox active species depends on charge-transfer rather than diffusion-controlled kinetics.
[30] An analysis of the change in peak currents as a function of scan rate allows additional assessment of the fact that the ferrocene groups are surface-bound rather than physically adsorbed. Figure 5b shows that there is a linear relationship between either the anodic or cathodic peak current and the scan rate (v), suggesting a fast charge transfer process of the bonded ferrocene molecules with the electrode surface. [10, 30, 31] This characteristic points to a surface redox process controlled by charge transfer kinetics. A similar behavior has also been observed for ferrocenecarboxylic acidmodified single-crystal Si(111) surfaces [28] and ferrocene-based alkanethiol layers on gold.
[32] The ferrocene coverage (Γ, molecules cm -2 ) of the diamond electrode was estimated from the charge of the CV anodic peak, Q, assuming a one-electron reaction, using the following relationship;
where n = 1 is the number of electrons transferred during the redox reaction, F is Faraday's constant, and A is the area of exposed diamond electrode (= 0.5 cm 2 ). The ferrocene coverage was determined to be 1.48 ± 0.5 x 10 14 molecules per cm 2 for the EG 2 sample, comparable to the values reported previously. [10, 31] From this value and comparison to the value reported before, [30] we can conclude that a near to single monolayer of ferrocene entities is formed.
Water contact angle measurements were conducted to identify the macroscopic changes in the wetting properties of the diamond surface after each functionalization step. A hydrogen terminated diamond surface is hydrophobic with a water contact angle of θ = 110.6°. The water contact angle value decreased slightly to θ = 83.7°
upon functionalization with the 4-azidophenyl layer. After clicking ferrocene groups to the phenylazide groups, the contact angle dropped further to θ = 73.9°.
X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy is a valuable tool to evaluate the changes in the and thus a higher binding energy. [33] XPS is particularly useful to monitor the click chemistry process as the intensity of this peak is greatly reduced after this reaction step. After clicking the ferrocene groups onto the 4-azidophenyl-functionalized B:NCD surface, the peak at ~ 404 eV disappeared almost completely and the peak at previously reported results on ferrocene groups anchored onto diamond [10] and silicon surfaces.
[28] 
Impedance spectroscopy of phenylazide-and DNA-modified diamond surfaces
As the dynamics of electron transfer at the electrode interfaces are strongly influenced by the nature of the electrode surface, surface immobilization with (bio)molecules can significantly alter the interfacial electron transfer properties. Hence, the 4-azidophenyl-functionalized and DNA-modified diamond surfaces were evaluated by impedance spectroscopy. [35] The measurements were performed with a miniaturized impedance spectroscopy unit, as described before. [36] Figure 11 and Y imaginary are quite apparent at frequencies above 1 kHz. These results agree well with previous findings showing that DNA molecules hybridizing at the interface induce a field effect in the diamond space-charge layer, lowering the impedance of the diamond. [35] Moreover, DNA is more conductive in its double-stranded form (i.e., after hybridization with a complementary sequence) compared to its single strand form. [37] Then, when the DNA was denatured by introducing 0.1 M NaOH into the flow cell, a third Cole-Cole plot was determined (blue line). Y real and Y imaginary moved back toward their original positions. After denaturation, the impedance did not completely reverse to its initial state. The lack of this complete reversibility is yet unclear but might be due to the induced changes in the molecular layer by NaOH. [35, 38] To determine the selectivity of DNA hybridization, the same ss-DNA modified B:MCD sample was hybridized with a non-complementary target DNA sequence (see Table 2 , exp. section). Figure 12 (green line) clearly shows that the increase in the admittance due to hybridization with non-complementary DNA is smaller than observed upon hybridization with complementary DNA (red line).
[35]
Conclusions
We have presented a simple yet efficient method to covalently attach functional organic molecules onto a boron-doped diamond electrode surface via a combination of diazonium electrografting and click chemistry. The functionalized diamond electrode was studied using cyclic voltammetry, impedance spectroscopy, and XPS to confirm the modification steps. This work also demonstrates, for the first time, the immobilization of DNA molecules on a diamond surface via CuAAC click chemistry.
The DNA-click immobilized diamond electrode shows the possibility to be used as a DNA sensor. More in general, electrografted azidophenyl-functionalized diamond electrodes can be applied as a generic platform for coupling with a wide range of ethynyl-terminated species for various applications. and home-grown boron-doped nanocrystalline diamond (NCD) thin films were used in this work. The latter were grown on fused silica substrates, which make them not suitable for our impedance measurements. As a result, the former is chosen for the reactor. The growth conditions used were as follows: substrate temperature 700-900 °C, total gas flow of 500 sccm, total pressure in the reactor 30 Torr, microwave power 3500 W. Trimethylborane gas was added during the growth with a ratio of 10000 ppm B/C to ensure good electrical conductivity. [4] Based on previous experiments, [40] this ratio corresponds to a boron film concentration 10 21 cm -3 . Prior to the diamond growth, the fused silica substrates were cleaned for 15 min each in RCA 1:1:5) solutions at 90 °C. Following this, the cleaned fused silica substrates were seeded with nanodiamond powder in water to improve the nucleation density. [4] After deposition, the diamond samples were allowed to cool down in the reactor for 30 min under a hydrogen flow. To remove any graphitic layers, the as-deposited diamond films were boiled in an acid mixture of 99% H 2 SO 4 + 30% HNO 3 (3:1) at 90 °C for 30 min. After rinsing and sonicating thorougly with deionized water, the samples were subjected to hydrogenation. Figure 13 displays the scanning electron microscopy (SEM) images of (a) a typical as-grown 150 nm B:NCD thin film and (b) microcrystalline CVD diamond plates from Element Six (E6). Hydrogenation on all diamond samples was performed using the same plasmaenhanced microwave CVD reactor that was used to grow the B:NCD. To create a hydrogen-terminated surface, all diamond samples were treated with hydrogen plasma under the following conditions: i) 500 sccm of hydrogen flux, 30 Torr reactor pressure with a 3500 W microwave power for 2 min; ii) 500 sccm of hydrogen flux, 15 Torr reactor pressure with a 2500 W microwave power for 5 min. At the end of the plasma treatment, the microwave power was switched off and the samples were allowed to cool down under hydrogen flux for 40 min. This hydrogenation step ensures full hydrogen termination and also serves to minimize dandling bonds.
Experimental section
Chemicals and reagents
[41]
(b) (a)
In situ generation of the diazonium salt 4-Azidoaniline (10 mg, 58.6 µmol) was used for the derivatization of the hydrogenterminated diamond samples. It was diazotized with an equimolar amount of NaNO 2 (4 mg, 58.6 µmol).
[13] It was first dissolved in a N 2 -purged 0.5 M HCl solution (9.5 mL). Thereafter, 0.1 M NaNO 2 solution (0.5 mL) was added, bringing the final concentration to 5 mM. This electrolytic solution was then used for the electrografting procedure by means of cyclic voltammetry (CV).
Electrografting of the phenylazide groups
Functionalization of the diamond surface with 4-azidophenyl groups via electrochemical reduction of the in situ generated diazonium salt was carried out by CV. [14] The electrografting reactions were performed with an Autolab PGSTAT30
potentiostat ( Table 1 . μmol) were dissolved in ultrapure water (7.5 mL), while ethynylferrocene (6 mg, 28.6 μmol) was dissolved in isopropanol (7.5 mL). Next, these two solutions were mixed and the azide-terminated diamond sample was immersed in the solution mixture. The reaction vessel containing the diamond sample and the solution mixture was covered with aluminium foil to protect L-AA from light. [9] After the reaction, the diamond sample was washed and sonicated with ultrapure water to remove any unbound molecules and kept in a desiccator under vacuum.
Clicking the alkyne-terminated ss-DNA probe onto phenylazide-functionalized B:MCD
B:MCD was first modified with phenylazide groups and then the custom-synthesized alkyne-modified ss-DNA probe (Base Click) was covalently attached to it through a CuAAC click reaction. [33] For this coupling reaction, a special reaction kit for click reactions from Baseclick was used. [33] The click reaction was performed according to room temperature, and finally with 1 × PBS at room temperature.
[37] Table 2 . Base sequences of the probe and the corresponding full match and mismatch target DNA. 
X-ray photoelectron spectroscopy
Photoemission experiments were carried out using a Scienta ESCA 200 spectrometer in ultrahigh vacuum with a base pressure of 1x10 -10 mbar. The measurement chamber is equipped with a monochromatic Al Kα X-ray source (1486.6 eV). The XPS experimental conditions were set so that the full width at half maximum of the clean Au 4f 7/2 line was 0.65 eV. All spectra were measured at a photoelectron take-off angle of 0°, i.e. normal emission, and at room temperature.
Water contact angle measurements
A droplet of water (0.5 μL) was deposited onto the surface to be studied. Contact angle measurements were performed with an OCA 15 EC contact angle measuring instrument by Data Physics. 
Impedance spectroscopy
Impedance measurements were carried out with a home-built two electrode miniaturized impedance spectroscopy unit. [35] A transparent Perspex flow cell with an inner volume of 110 µL was used to exchange media. In this cell, the diamond sample acts as a working electrode and a gold wire (diameter 500 mm) acts as a counter electrode. The working electrode was pressed onto a copper lid using silver paste. The copper lid serves as a back electrode as well as heat sink. All impedance spectroscopy experiments were performed at the open-circuit potential with a 10 mV modulation, in PBS solution (pH 7) without any added redox agents. Under these conditions, there is no oxidation-reduction chemistry taking place, and the measurements are only measuring the intrinsic electrical properties of the interface. The full frequency spectrum of the impedimetrical data (100 Hz to 100 kHz) for DNA-modified diamond surfaces can be simulated with a 5-element circuit consisting of a resistor, representing the bulk solution inside the flow cell, in series with two complex resistors, representing the molecular layer and space-charge region, respectively. [34] This circuit is shown in Figure 14 . was analyzed using ImageJ software. [37] Efficient surface functionalization of boron-doped diamond electrodes via a combination of diazonium electrografting and CuAAC click chemistry is presented. The applicability of the functionalization approach for DNA sensing is demonstrated by covalent coupling with ss-DNA and evaluation by impedance spectroscopy.
